ABSTRACT. We investigated the effects of changes in mean airway pressure (Paw), oscillatory frequency and lung compliance on cardiac output (CO) and pulmonary vascular resistance in seven adult cats (3.0 f 0.6 kg) during highfrequency oscillatory ventilation (HFOV). The cats were anesthetized with chloralose and urethane and ventilated with a high-frequency oscillator at Paw of 4,8,12, and 16 cm H,O and frequencies of 3,6, 12,16, and 20 Hz. Saline lavage was used to reduce lung compliance. CO was continuously recorded with an electromagnetic flow probe placed around the aorta and pulmonary vascular resistance was calculated from left atrial and pulmonary artery pressures. Lung lavage reduced static compliance of the respiratory system but did not change CO during pressurelimited ventilation. During HFOV, CO was higher in animals after lung lavage at each Haw. As Haw was raised from 4 to 16 cm H,O during HFOV, CO decreased from 133 f 36 to 87 f 31 ml/min kg in animals with normal lungs and decreased from 153 f 33 to 107 f 19 ml/min kg after lung lavage (both p < 0.001). Increasing Haw was also associated with an increase in pulmonary vascular resistance both before and after lung lavage (both p < 0.005). Changes in frequency did not significantly alter CO or pulmonary vascular resistance. We conclude that the interaction between t h e heart and lungs during HFOV is largely mediated by Paw and compliance of the respiratory system. Furthermore, regardless of the degree of lung compliance, cardiac function may be impaired during HFOV as Paw is elevated. (Pediatr Res 23:628-631,1988) Abbreviations CO, cardiac output HFOV, high-frequency oscillatory ventilation -Paw, mean airway pressure PVR, pulmonary vascular resistance Assisted ventilation has substantially reduced mortality in infants with respiratory failure. Unfortunately this reduced mortality has been accompanied by an increase in major complications such as air leaks and bronchopulmonary dysplasia. Inasmuch as these side effects are heavily influenced by certain Received November 30, 1987; accepted February 10, 1988 ventilatory parameters, especially airway pressures (1, 2), new ventilators that enhance gas exchange while minimizing pressure delivery have been developed.
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HFOV, delivers and withdraws small stroke volumes at very high frequencies. Because HFOV may enable adequate gas exchange to occur at reduced pressure swings, it may alleviate some of the complications of assisted ventilation, However, oxygenation during HFOV is largely dependent on Paw (3, 4) . Inasmuch as increasing Paw has been shown to depress CO (5-7), oxygen transport may be reduced despite an increase in arterial oxygenation.
Because the effect of Faw on cardiovascular function is dependent on the transpulmonary pressure, decreased lung compliance is thought to be associated with less impairment of CO. However, CO is difficult to assess in small infants and often blood pressure and heart rate are the only available means of assessing cardiovascular function. As a result, it remains unknown if during HFOV surfactant deficiency has a protective effect on CO as Paw is increased. Therefore, the purpose of our study was to investigate the hemodynamic effects of controlled -Paw and oscillatory frequency in an animal model during HFOV and to examine how these effects are modulated by changes in respiratory compliance.
METHODS
Seven cats (3.0 + 0.6 kg; mean k SD) were anesthetized with an intraperitoneal injection of chloralose (40 mg/kg) and urethane (250 mg/kg). This mixture was also used to maintain anesthesia as needed throughout the duration of the study. Catheters were placed in the femoral artery (PE 90) to measure blood pressure and the femoral vein (PE 190) for the administration of fluids and anesthesia. An endotracheal tube (3.5 mm ID) was positioned above the carina through a tracheostomy and secured in place to prevent any air leaks. The cat was then placed on a pressure-limited, time-cycled conventional ventilator (Bourns BP200, Fi02 = 0.21 to 0.25, peak i~ypiratory pressure = 12 cm H20, positive and expiratory pressure = 2 cm H20, inspiratory to expiratory times ratio = 1:5, Faw = 4.5, rate = 12/min).
A midsternal thoracotomy was performed and the heart was exposed after the pericardium was retracted. Left atrial pressure was recorded from a saline-filled pressure catheter (PE 190) placed in the left atrium through the left atrial appendage. A similar catheter was placed in the pulmonary artery through the right ventricular wall to record pulmonary artery pressure. All pressure transducers (Statham no. P23AC) were referenced to zero at the level of the mid-left atrium. An electromagnetic flow probe (Carolina Medical Electronics no. EMP-4 16) was placed around the aorta to continuously measure CO. PVR was obtained by taking the pressure difference between the pulmonary -PAW, PVR AND co DURING HFOV 629 artery and left atrium and dividing by the CO. To reexpand the lungs and drain the chest a multiholed tube was inserted through the chest wall and connected to a 10 cm H 2 0 negative pressure source. The pericardium was left open and the chest was closed in two separate airtight layers.
After a 30-min period, the animal was switched from conventional ventilation to HFOV (Mera Corp., Hummingbird no. BMO-20N) at a bias flow of 5 liter/min and an oxygen concentration of 2 1 to 25%. Random combinations of Paw of 4, 8, 12, and 16 cm H 2 0 and frequencies of 3, 6, 12, 16 , and 20 Hz were used. At each frequency, the volume generated by the oscillator was adjusted to produce a constant ventilator generated minute ventilation although the actual volume delivered to the ancmal was not controlled or measured. At each combination of Paw and frequency, values were obtained for CO, left atrial pressure, and pulmonary artery pressure approximately 30 s after all three parameters reached steady state. This procedure was repeated until the entire range of paw was covered at each frequency. Between the HFOV trials the animals were returned to conventional ventilation and end-tidal pC02 was continually checked to ensure normocapnia (range 37-42 mm Hg) (Beckman LB-2). Arterial blood gases were measured (Corning 175) periodically and the PO2 was maintained above 100 mm Hg (range 105-142 mm Hg).
Lung compliance was reduced by lavage, using 30 ml/kg of 37" C normal saline (8) . Approximately 80% of the saline used for lavage was recovered. This procedure was performed twice and measurements of respiratory mechanics were obtained to confirm the reduction in compliance. Respiratory mechanic measurements were also repeated subsequently to ensure stability of the preparation. The Fi02 was raised to 1.0 during lung lavage to ensure normoxemia. During conventional ventilation, peak inspiratory pressure was raised to 16 cm H 2 0 (paw = 5.2 cm H20) and the FiO, was set at 0.40. Approximately 30 min were allowed for blood pressure and CO to stabilize. Arterial blood gases were again controlled. The PCO, was kept between 37 and 42 mm Hg and the PO2 was kept above 100 mm Hg (100-134 mm Hg). The animal was returned to HFOV using a bias flow of 5 liter/min and an oxygen concentration of 40%. Frequency and Paw were varied in the same order as previously described.
Respiratory mechanics were assessed using the valve interrupter method (9, 10) . Briefly, expiratory airflow is intermittently occluded permitting multiple measurements of alveolar pressure (Validyne no. MP45-18) and flow. Several of these sequential occlusions can be obtained during a single expiration. Volume is computed by electrically integrating airflow through a heated screen pneumotachometer (Hans Rudolph, no. 3700, Validyne MP45-1) and is then normalized to body weight. Compliance of the respiratory system is obtained by dividing the normalized volume by the pressure recorded during each interruption. Compliance curves were generated both before and after lung lavage.
To evaluate the efficacy of lung lavage in producing histopathological changes of lung injury, lung tissue was removed from the apical region of the lung and from the middle of the anterior and posterior lobes. The tissue was fixed in formalin overnight, embedded, cut, and then stained with hematoxylin and eosin. There was evidence of widespread and focal atelectasis, hemorrhage, and edema as well as desquamation of bronchial and bronchiolar epithelium.
All data were recorded on a six channel recorder (Gould Inc., model 260). Analysis of variance and Student's t tests were used as appropriate. Compliance curves were fit to the equation: Vol = a[l-exp(-b.Palv)] where Vol is volume above functional residual capacity and Palv is alveolar pressure obtained by the interrupter technique. This model was chosen for its convenience and minimal number of parameters. The exponential coefficients (b in each equation), obtained by nonlinear regression (BMDP3R), were chosen to compare the curves before and after lung lavage for statistical difference. All results are expressed as mean + SD.
RESULTS
Respiratory system compliance decreased after lung lavage as illustrated in a typical animal in Figure 1 . A similar curve was produced for each cat used in the study. Numerical values used to compare compliance before and after lung lavage were taken from the exponential coefficients of the curves as well as from the static compliance of the respiratory system measured at the highest lung volume. Average respiratory compliance for all cats as represented by the exponential coefficient of the compliance curve decreased from 0.097 + 0.03 1 to 0.072 + 0.036 cm H20-' after lung lavage ( p < 0.05). Similarly, static compliance at maximum lung volume and pressure (16 cm H20) decreased from 3.03 + 0.70 to 2.08 f 0.83 ml/cm H 2 0 kg ( p < 0.05).
Heart rate was not significantly altered by lavage (204 + 24 before and 197 + 17 beats/min after lavage). Baseline CO and PVR values measured during conventional ventilation before and after lung lavage were not significantly different. Average CO during conventional ventilation before lavage was 1 15 + 24 ml/min kg compared to 120 + 20 ml/min kg after lavage.
Similarly, PVR was 0.13 + 0.02 before and 0.14 + 0.04 cm H 2 0 min kg/ml after lavage. All animals remained stable throughout the duration of the experiment as evidenced by CO, heart rate, and static compliance.
In both normal and surfactant-deficient lungs CO decreased and PVR increased as Haw was elevated during HFOV (Figs. 2 and 3). As paw was increased from 4 to 16 cm H20, CO decreased from 133 + 36 to 87 k 31 ml/min kg in normal lungs ( p < 0.001) and decreased from 153 + 33 to 107 f 19 ml/min kg in surfactant deficient lungs ( p < 0.001). During HFOV, CO was significantly higher in cats after lung lavage at each paw ( p < Changes in oscillatory frequency did not consistently change CO (Fig. 4) . Slight changes in CO were seen throughout the investigated frequency range; however, these changes were not statistically significant. Similarly, there was no significant effect of frequency on PVR. However, increases in PVR did accompany decreases in CO depicted in Figure 4 . Heart rate and blood pressure remained stable throughout the elevations in paw, pro- pressure remained stable throughout the elevations in Paw, providing no indication that CO was being depressed. DISCUSSION We have shown t h g cardiovascular depression is induced in this animal model as Paw is raised from 4 to 16 cm H 2 0 during HFOV regardless of the compliance status of the lungs. The concomitant increase in PVR that occurs as Paw is increased appears to partially mediate the observed fall in CO. The reduction in respiratory system compliance produced by lung lavage appears to diminish the increase in PVR that occurs as airway pressure is raised (Fig. 3) . This may explain why cardiovascular depression is not routinely seen in infants with respiratory distress syndrome (3).
We used the lung lavage method described by Lachmann et al. (8) to create a model of surfactant deficiency although this model may differ from respiratory distress syndrome as observed in premature infants. Inasmuch as we recovered only 80% of the saline used for lung lavage, it is possible that plasma volume expansion could have raised CO. However, by using periods of conventional ventilation before and after lavage as a baseline, we found that lavage produced no significant effect on those parameters including heart rate, CO, and PVR. A limitation of our study is that although we controlled the gas volumes generated by the oscillator, we did not measure or control delivered stroke volumes during HFOV. Controlling stroke volume during highfrequency ventilation is extremely difficult due to its dependence on many parameters, such as frequency and endotracheal tube size. Furthermore, techniques for measuring tidal volumes at high frequencies may be unreliable (3, 1 I).
The hypocapnia induced by HFOV should not alter our results because previous studies of more severe hypocapnia produce no adverse effects on myocardial function (1 2). Furthermore, HFOV produced comparable hypocapnia in both normal and lavaged lungs.
Cardiovascular depression due to elevated Faw during conventional ventilation of normal lungs is well documented and has been attributed to a variety of mechanisms including mechanical effects on the heart and vasculature (7), neurally mediated effects (13) , and humoral effects (14) . The fall in CO can be due to reductions in heart rate, preload, and contractility as well as increases in afterload. We observed no change in heart rate over the course of the study and therefore attributed the fall in CO to a reduction in stroke volume. The elevations in Paw would be expected to increase intrathoracic pressure and reduce preload by diminishing venous return as has been observed with other types of mechanical ventilation (1 5). Increases i~r i g h t ventricular afterload occurred as a result of elevations in Paw as evidenced by the rise in PVR. Together, these resultant preload and afterload effects reduce blood flow through the lungs, ultimately reducing CO. Although we did not assess contractility, it is unlikely that it was altered by brief periods of change in Paw.
Our results of the effect of Paw on CO are best explained by the mechanical interactions between the heart and lungs as other investigators have reported. Rankin et al. (7) examined the mechanical and d@ensional changes that occur in the dog heart during change in Paw and found that increases in Paw decrease preload in the left ventricle which reduces stroke volume. They hypothesized that the reduction in left ventricular preload was due to a decrease in blood flow through the lungs caused by an increase in PVR. Interestingly, as observed by Robotham et al. (1 6) , there is no change in right ventricular end diastolic volume. It is thought that the reduction in volume caused by decreased venous return secondary to increased intrathoracic pressure is offset by the increase in right ventricular afterload produced by the increase in PVR. They concluded that the reduced preload effects and increased afterload effects contributed equally in reducing CO and that the functional changes in the heart were mainly mechanical effects due to airway pressure.
A secondary focus of our study was to examine how PVR is modulated by decreased lung compliance induced by surfactant deficiency. It is known that changes in lung inflation directly affect PVR (15, 17) . As lung inflation increases, the alveolar capillaries are lengthened and compressed. Both of these &men-sional changes act to raise PVR. It has been postulated that when alveolar pressure exceeds pulmonary venous and capillary pressure, pulmonary blood flow decreases due to increased PVR (1 8). 
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This mechanism may explain the increase in PVR that we have found herein and that has been observed in other models in which pulmonary blood flow and pressure were controlled (1 9).
In addition, we have also shown that decreasing lung compliance reduces PVR for a given Paw (Fig. 3) . This reduction in PVR appears to be due to a reduction in transpulmonary pressure and volume after lung lavage, and may account for the difference in CO observed in Figure 2 . We did not directly evaluate the effect of lung volume on PVR. However, lung volume is likely to be reduced in skrfactant deficient lungs compared to normal lungs for a given Paw (Fig. 1) . A reduction in lung volume could account for the decrease in PVR observed in the surfactantdeficient animals.
To make our model as realistic as possible, we imposed no control on pulmonary blood flow or pressure drop across the pulmonary vascular bed. These parameters were permitted to change naturally in response to each change in Paw. However, the interpretation of a change in PVR after an experimental intervention (lavage) can be misleading when both blood flow and vascular pressure are allowed to change simultaneously (20) . Inasmuch as the pressure drop in our study was not different between normal and surfactant-deficient lungs, the fall in CO that occurred as Faw is elevated may be attributed to an increase in PVR.
The effects of changes in lung compliance on the relationship between Paw and CO have been studied in piglets with normal and reduced lung compliance during conventional ventilation (2 1). A linear decrease in CO was observed as Paw was raised in piglets with normal lungs. When compliance was reduced by lavage, CO was depressed only at higher Paw. We observed depression of CO over the entire range of Faw, although this could be explained by the smaller decrease in compliance used in our study. An increase in CO was also observed in rabbits with decreased lung compliance after lung lavage during HFOV administered at a constant Paw of 15 cm H 2 0 (22). Our results expand on these findings by including a range of controlled Paw and frequencies during HFOV and we propose that the discrepancy in CO between normal and surfactant deficient lungs may be partially explained by changes in PVR illustrated in Figure 3 .
The occurrence of cardiac depression during assisted ventilation is not a common clinical problem in infants with respiratory distress syndrome (1, 3) . This has been attributed to the decreased lung compliance that causes a reduction in the transmission of airway pressure to the intrathoracic structures. However, CO measurements of infants are seldom used and whereas heart rate and blood pressure are used to assess cardiac function, they do not always provide a true reflection of the cardiovascular state of the infant as we have observed in our model. As suggested by our data,cardiac depression will also occur in surfactant-deficient lungs if Paw is markedly increased.
The recommendations of a recent conference on high-frequency ventilation in infants suggested that further evaluation of ventilatory functions and interactions are needed (23) . These include the areas of respiratory mechanics and cardiopulmonary interactions that we have related herein. Although our results were obtained during HFOV, they may also be applicable to other forms of high-frequency ventilation and conventional ventilation because the changes appear to be mediated by mechanical interactions between the heart and lungs.
